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(54) METHOD FOR PRODUCING SIUCON SINGLE CRYSTAL WAFER AND SILICON SINGLE 
CRYSTAL WAFER 



(57) Silicon single crystal wafers for semiconductor 
devices of high quality are obtained with.high productiv- 
ity by effectively • reducing? or eliminating: grown-in 
defects in surface layers of silicon single crystal wafers 
produced by the CZ method. The present invention pro- 
vides a method for producing a silicon single crystal 
wafer, which comprises growing a silicon single crystal 
ingot by the Czochralski method, slicing the single crys- 
tal ingot into a wafer, subjecting the wafer to a heat 
treatment at a temperature of 1 1 00-1 300°C for 1 minute 
or more under a non -oxidative atmosphere, and succes- 
sively subjecting the wafer to a heat treatment at a tem- 
perature of 700-1300°C for 1 minute or more under an 
oxidative atmosphere without cooling the wafer to a 
temperature lower than 700*C. The present invention 
also provides a CZ silicon single crystal wafer, wherein 
density of COPs having a size of 0.09 nm or more in a 
surface layer having a thickness of up to 5 urn from a 
surface is 1.3 COPs/cm 2 or less, and density of COPs 
having a size of 0.09 *im or more in a bulk portion other 
than the surface layer is larger than the density of COPs 
of the surface layer. 
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Description 

Technical Field 

[0001 ] The present invention relates to a method for s 
producing a silicon single crystal wafer with very few 
crystal defects on the surface and near the surface of 
the wafer, and a silicon single crystal wafer. 

Background Art io 

[0002] As wafers for producing devices such as 
semiconductor integrated circuits, CZ silicon single 
crystal wafers grown by the Czochralski method (CZ 
method) have been mainly used. If crystal defects are 75 
present in such CZ silicon single crystal wafers, pattern 
failure and the like will be caused during the semicon- 
ductor device production. In particular, since the pattern 
width required for the recent highly integrated devices 
has become extremely fine, i.e., 0.3 jam or less, even the 20 
presence of defects of 0.1 size may cause pattern 
failure at the time of such pattern formation, and it mark- 
edly reduces production yield of devices and degrades 
quality characteristics of devices: Therefore, the size of 
crystal defects present in silicon single crystal wafers 25 
must be made small as much as possible. 
[0003] ~ Recently, in particular, it has been reported 
that, in silicon single crystals grown by the CZ method, 
crystal defects called grown-in defects introduced dur- 
ing the crystal growth are detected by various measure- 30 
merit methods. For example, in commercially produced 
single crystals pulled at a usual growth rate (for exam- 
ple, about 1 mm/min or higher), they can be detected by 
using a commercially available particle counter (for 
example, SP1 produced by KLA/Tencor.Co., Ltd.) as 35 
crystal originated particles (COP)/ A 1 
[0004] The cause of. the generation:of such, crystal * 
defects is considered; to. be ;clusters r ofc" atomic iholesw 
aggregated during the production, of single crystals or- - 
oxide precipitates which are- aggregates; of ; oxygen. 40. 
atoms introduced from quartz crucibles. If these crystal, 
defects exist in surface layers (0-5 um) of wafers in 
which devices are formed, they act as harmful defects 
degrading the device characteristics. Therefore, there 
have been investigated various methods for reducing 45 
such crystal defects. 

[0005] For example, it has been known that in 
order to reduce the density of the aforementioned 
atomic hole clusters, crystals can be grown at an 
extremely reduced crystal growth rate (for example, so 
0.45 mm/min or lower, see Japanese Patent Application 
Laid-open (Kbkai) No. 8-330316). In this method, how- 
ever, crystal defects considered to be dislocation loops 
formed by aggregated excessive interstitial silicon are 
newly generated, and markedly degrade the device ss 
characteristics. Thus, it has become clear that the 
method cannot be a solution of the problem. Moreover, 
since the method uses a crystal growth rate reduced 



from the conventional rate of about 1 .0 mm/min to 0.4 
mm/min or lower, it markedly reduces the productivity of 
single crystals and increases the cost 
[0006] Further, as another method, there has also 
been proposed a method comprising a heat treatment 
of wafers grown at a commercially used usual conven- 
tional crystal growth rate of about 1 .0 mm/min or higher 
in a hydrogen atmosphere to eliminate the grown-in 
defects, and it is used for the actual production. How- 
ever, it has been pointed out that this method sOl leaves 
the defects in surface layers (0-5 urn from the surfaces). 
[0007] Furthermore, in the aforementioned method, 
it is necessary to secure safety after the heat treatment 
in a hydrogen atmosphere by replacing the atmosphere 
in the heat treatment furnace with nitrogen gas and then, 
taking out the wafers. However, a small amount of oxy- 
gen and moisture contained in the nitrogen gas may 
locally etch the wafer surfaces, and thus the method 
also suffers from a problem that surface roughness 
such as haze and microroughness may be degraded. 
[0008] The term "haze" used herein means periodic 
cal surface roughness having a period of several to sev- 
eral tens of nanometers on the wafer surfaces, and it 
can be determined, semi-quantitatively by scanning 
whole surfaces of wafers with a particle counter mainly, 
utilizing a laser, and measuring intensity of scattered 
reflection thereof. ~ ! 
[0009] On the other hand, microroughness is sur- 
face roughness evaluated as a P-V (peak; to valley) 
value or RMS (root mean square roughness), value in a 
fine area (e.g., 2 \im square), which are obtained by 
investigating the area with an atomic force microscope. . 

Disclosure of the Invention ; i- 

[0010] The present= invention has been, accom- 
plished in view of the aforementioned: problems, and its v* 
major object is to obtain silicon single crystal wafers for f 
semiconductor, devices.of high quality from a silicon sir*-- 
gle crystal ingot produced by the CZ method with high 
productivity. In the silicon single crystal wafers, grown-ia 
defects in their surface layers are effectively reduced or 
eliminated, and the wafers are also excellent in the 
wafer surface roughness. 

[0011] In order to achieve the aforementioned 
object, the present invention provides a method for pro- 
ducing a silicon single crystal wafer, which comprises 
. growing a silicon single crystal ingot by the Czochralski 
method, slicing the single crystal ingot into a wafer, sub- 
jecting the wafer to a heat treatment at a temperature of 
1 100-1300°C for 1 minute or more under a non-oxkJa- 
tive atmosphere, and successively subjecting the wafer 
to a heat treatment at a temperature of 700-1 300°C for 
1 minute or more under an oxidative atmosphere with- 
out cooling the wafer to a temperature tower than 
700°C. 

[001 2] By the aforementioned method for producing 
a silicon single crystal wafer, which comprises growing 
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a silicon single crystal ingot by the Czochralski method, 
slicing the single crystal ingot into a wafer, subjecting 
the wafer to a heat treatment at a temperature of 11 00- 
1300°C for 1 minute or more under a n on -oxidative 
atmosphere, and successively subjecting the wafer to a s 
heat treatment at a temperature of 700-1 300°C for 1 
minute or more under an oxidative atmosphere without 
cooling the wafer to a temperature lower than 700°C, 
grown-in defects in the wafer surface layer, which are 
harmful to the semiconductor device production, can be w 
eliminated or reduced within a short period of time. 
Simultaneously, a silicon single crystal wafer for semi- 
conductor devices of high quality excellent in the wafer 
surface roughness can be obtained with high productiv- 
ity. . 15 
[0013] In the aforementioned method, the non-oxi- 
dative atmosphere is preferably argon, nitrogen or a 
mixed gas of argon and nitrogen. 
[0014] This is because argon, nitrogen or a mixed 
gas of argon and nitrogen has an advantage that it is 20 
easy to be handled and inexpensive. 
[001 5] In the aforementioned method, the oxidative 
atmosphere may be an atmosphere containing water 
vapor.; 

[0016] By using an atmosphere containing water . 25. 
vapor as the oxidative atmosphere as mentioned above, . 
a high oxidation rate can be obtained, and thus intersti- 
tial silicon can efficiently be injected within an extremely 
short period of time to eliminate the defects, in addition, 
since the oxide f 3m formed on the surface becomes rel- 30 
ativefy thick, it is suitable for applications in which: the ' 
oxide film is used as it is in the wafer processing proc- 
ess or the device production. , 

[0017] in the aforementioned method, the oxidative 
atmosphere may also be a dry oxygen atmosphere or a . .35 
mixed gas atmosphere of dry oxygen and argon or nitror^^ 
gen. ■■< • 

[001 8] v; .By using;; a \ dry * oxygen :~atmosphere > : or .a u 
mixed gas atmosphere of dry oxygen and argon or nitre- * . 
gen as the oxidative atmosphere as mentioned above, a- 40 
slow growth rate of the oxide film can be obtained; and 
thus the oxide film formed on the surface after the heat 
treatment can; be made thin. Therefore; when the 
formed oxide film must be eliminated with an aqueous > 
solution of HF or the like, the time required for this step 45 
can be shortened. 

[0019] Thickness of an oxide film formed by the 
heat treatment under the oxidative atmosphere is pref- 
erably controlled to be 20-100 nm. 

[0020] If the thickness of the oxide film formed by so 
the heat treatment under the oxidative atmosphere is 20 
nm or more. COPs in the wafer surface layer can suffi- 
ciently be eliminated. If it is 100 nm or less, even when 
the formed oxide film must be eliminated, time required 
for that step can be shortened. ss 
[0021] Moreover, an oxide film may preliminarily be 
formed on the wafer surface before performing the heat 
treatment under a n on -oxidative atmosphere. 



[0022] If such an oxide film is formed, the wafer sur- 
face can be protected from formation of thermal nitride 
film on the wafer surface and surface roughening by 
etching due to the heat treatment 
[0023] In this case, furthermore, thickness of a ther- 
mal oxide film formed on the wafer surface after the heat 
treatment under an oxidative atmosphere is preferably 
controlled to be 300 nm or more. 
[0024] By growing a thermal oxide film having a 
thickness of 300 nm or more through the heat treatment 
under an oxidative atmosphere, COPs on the wafer sur- 
face can be eliminated by reflow of silicon oxide during 
the growth of the oxide film even when the oxide film is 
preliminarily formed on the wafer surface before per- 
forming the heat treatment, under a non -oxidative 
atmosphere. Therefore, COPs on the wafer surface can 
more surely be eliminated. 

[0025] Moreover, when the silicon single crystal 
ingot is grown by the Czech ra I ski method, the cooling 
rate of the single crystal ingot between 1.1 50-1 080°C is 
preferably controlled to be at 2.3°C/min ore mora 
[0026] By controlling the cooling, rate of the single 
crystal ingot between 11 50-1 080°C to be; at 2.3°C/min 
or more when the silicon single crystal ingot is grown by 
the Czochralski method, a wafer having grown-in 
defects of a reduced size can further be subjected to the 
heat treatment of the present invention. 'and thus the 
grown-in defects in the wafer surface -layer can more 
effectively be eliminated or reduced; Therefore, silicon 
single crystal wafers for semiconductor, devices of 
higher quality can be obtained with high productivity. ? 
[0027] In this case; when the silicon: single crystal 
ingot is grown by the Czochralski method, the silicon 
single crystal ingot is preferably doped with nitrogen. 
[0028] +. If a si licon single- crystal ingot- is doped with - » 
nitrogen when the silicon single crystal.ingot is grown byi 
the xCzochratekiiCmethod.Vy a wafers having igrowrvinLi 
defects of a reduced size due to the nitrogen doping can; 
further be subjected to the heat treatment of the presents 
invention; and .thus: the : grownHn? defects? in the wafer; >; 
surface layer can more effectively, be eliminated or 
reduced. Therefore, silicon single crystal wafers for 
semiconductor devices of higher quality can be 
obtained with high productivity. 
[0029] In this case, when the silicon single crystal 
ingot doped with nitrogen is grown by the Czochralski 
method, the nitrogen concentration doped in the single 
crystal ingot is preferably controlled to be 1 x 10 10 to 5 x 
10 15 atoms/crm\ 

[0030] This is because the concentration is desira- 
bly 1 x 10 10 atoms/cm 3 or higher in order to sufficiently 
suppress the growth of grown-in defects, and it is prefer- 
ably 5 x 10 15 atoms/cm 3 or less in order not to inhibit 
single crystallization of the silicon single crystal. 
[0031] Furthermore, when the silicon single crystal 
ingot is grown by the Czochralski method, the oxygen 
concentration in the single crystal ingot is preferably 
controlled to be 18 ppma or less according to the stand- 
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ard of JEIDA (Japan Electronic Industry Development 
Association). 

[0032] Such a low oxygen concentration can further 
inhibit the growth of crystal defects, and also prevent the 
formation of oxide precipitates in the surface layer. 
[0033] A silicon single crystal wafer produced by 
the production method of the present invention should 
be, for example, a CZ silicon single crystal wafer 
wherein density of COPs having a size of 0.09 nm or 
more in a surface layer having a thickness of up to 5 pm 
from a surface is 1 .3 COPs/cm 2 or less, and the density 
of COPs having a size of 0.09 urn or more in a bulk por- 
tion other than the surface layer is larger than the den- 
sity of COPs of the surface layer. 
[0034] Such a silicon single crystal wafer should be 
a water with extremely few crystal defects on the wafer 
surface and in the wafer surface layer, and thus a silicon 
single crystal wafer for semiconductor devices of high 
quality which is excellent in electric characteristics. On 
the other hand, the bulk portion of the wafer should have 
sufficient gettering effect because of the COP density 
larger than that of the surface layer. Therefore, produc- 
tion yield or quality characteristics of devices can be 
improved. 

[0035] Furthermore, the silicon single crystal wafer 
of the present invention may have, for example, haze on 
the wafer surface of 0.1 pom or less, and microrough- 
ness in a measurement area of 2 urn square of 1.0 nm 
or less in terms of the P-V value. 
[0036] Thus, the single crystal wafer of the present 
invention can be one characterized not only by few crys- 
. tal defects on the wafer surface and in the surface layer, 
but also by excellent surface roughness on the wafer 
surface. 

[0037] As: described- above, according to, the 
present inventions by successively performing the heat 
treatment at :an; elevated temperature : under a non^jxi-? 
dative atmosphere;: and; theiheat treatment^ under, an 
-• oxidative atmosphere;- grown-inrdefects in a wafer sur- 
face layer can be eliminatedor reduced at a lower tem- 
perature with a shorter period of .time compared with 
conventional ' techniques, and : moreover, . the surface 
roughness of the wafer can be improved. Furthermore, 
the elimination or reduction, of grown-in defects can be 
made more effectively by the control of the crystal cool- 
ing rate during the CZ crystal pulling and the doping 
with nitrogen impurities. 

[0038] In addition, when the heat treatments are 
performed without using hydrogen gas, which suffers 
from a risk of explosion, the heat treatments can be per- 
formed comparatively safely using a usual heat treat- 
ment furnace, without considering special safety 
measures unlike conventional heat treatment appara- 
tuses which use hydrogen gas. 



Brief Explanation of the Drawings 
[0039] 

5 Fig. 1 shows COP densities of wafers before a heat 

treatment measured by a particle counter in Exam- 
ple 1 and Comparative Example 1. 
Fig. 2 shows sizes of grown-in defects of wafers 
before a heat treatment measured by the OPP 

io method in Example 1 and Comparative Example 1. 
Fig. 3 shows COP densities of wafers after a heat 
treatment measured by a particle counter in Exam- 
ple 1 and Comparative Example 1. 
Fig. 4A shows relationship between oxygen con- 

is centration in annealing atmosphere and COP. 
number, and Fig. 4B shows relationship between 
thickness of oxide flm formed by annealing and 
COP density. 

Fig. 5 shows variation of metal impurity contamina- 
te ton level of wafers subjected to each of heat treat- 
ment of the present invention and conventional heat 
treatments repeated in separate tubes. 
Fig. 6 shows COP densities on wafer surfaces after 
a heat treatment, and COP densities of the sur- 
25 faces after polishing of 5 jim measured in Example 
3 and Comparative Example 3.v : 
Fig. 7 shows TZDB good chip yields for wafer sur- 
■ feces after a heat treatment and TZDB good chip 
yields for the surfaces after polishing of 5 jim meas- 
30 ured in Example 3 and Comparative Example 3. ■ 
' Fig. 8 shows TDDB good chip yields for wafer surr 
faces after a heat treatment, and TDDB good chip 
> yields for the surfaces after polishing of 5 |im meas- 

ured in Example 3 and Comparative Example 3. 
35 Fig. 9 shows comparison of surface COP- densities , 
. measured for the surfaces after polishing of 5 urn oil 
r wafers.subjected;to:a heat treatment: underjafnon-v 

5 •■*>;.-. : oxidative-atmosphere and then' subjected* to:a heat* 
treatment: under an . oxidative atmosphere at :differ- « 
40 . ent heat treatment temperatures, and a wafer sub- 
jected to a heat treatment under a non-oxidative 
atmosphere in Example 4 and Comparative Exam-, 
pie 4. 

Fig. 10 shows comparison of haze measured for 
45 wafers subjected to a heat treatment under a norv- 
oxidative atmosphere and then subjected to a heat 
treatment under an oxidative atmosphere at differ- 
ent heat treatment temperatures, and a wafer sub- 
jected to a heat treatment under a non-oxidative 
so atmosphere in Example 5 and Comparative Exam- 
ple 5. 

Best Mode for Carrying out the Invention 

55 [0040] Hereinafter, the present invention will be fur- 
ther explained in detail. However, the present invention 
is not limited by these explanations, 
[0041 ] It was found that, by obtaining silicon wafers 
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by the Czochralski method, and successively subjecting 
the wafers to a heat treatment at an elevated under a 
non-oxkJative atmosphere, in particular, an atmosphere 
of argon, nitrogen or a mixed gas of them, and a heat 
treatment at an elevated temperature under an oxidative 
atmosphere, grown-in defects on the wafer surfaces, 
and the wafer surface layers can be eliminated or 
reduced, and in addition, surface roughness of the 
wafers could be improved. Based on this finding, vari- 
ous conditions for obtaining the desired results were 
examined, and thus the present invention has been 
accomplished. 

[0042] As described above, the means used at the 
industrial level for eliminating or reducing grown-in 
defects on wafer surfaces and wafer surface layers is a 
heat treatment of wafers grown at a usual crystal growth 
rate of about 1.0 mnvrnin or more at an elevated tem- 
perature under hydrogen atmosphere for eliminating 
grown-in defects. This method has already been com- 
mercially established, and used for the actual device 
production. However, it has a problem that it still leaves 
defects in wafer surface layers (e.g., a thickness of 0-5 
jim). 

[0043] The reason for the above phenomenon has 
been supposed as follows. In order to eliminate grown- 
in defects, which are aggregations of atomic holes, two 
processes are required. That is. the process of merting 
of inner wall oxide films of defects, which prevents true 
point defects from changing into grown-in defects., and 
the subsequent fflling process of grown-in defects with 
interstitial silicon. 

[0044] It is considered that in the aforementioned 
heat treatment at an elevated temperature under a 
hydrogen atmosphere, the melting of inner wall oxide 
films of: grown-in defects, in the wafer- surface layer- is 
efficiently^ caused by the marked oxygen out-diffusing 
effect of the heat treatment; However; by the heat treat- - 
v ment atsanrelevatedi temperature under^r aihydrogen - 
atmosphere; filling of grown-in. detects with : interstitial" 
silicon cannot be efficiently caused due to injection of 
both of interstitial silicon, which constitutes Schottky. 
defects, and atomic holes from the wafer surface. 
[0045] Therefore, the process of filling grown-in 
defects with interstitial silicon takes a long period of time 
in the heat treatment under a hydrogen atmosphere. In 
particular, in order to eliminate grown-in defects having 
a size of 150 nm or more in terms of their diameter, a 
heat treatment of a long period of time at. an elevated 
temperature, i.e.. at 1200°C for 5 hours or more is 
required. This markedly reduces the productivity of 
wafers, and in addition, the method requiring a heat 
treatment at an elevated temperature for long period of 
time under a hydrogen atmosphere cannot be consid- 
ered preferable in view of safety. Furthermore, since a 
heat treatment is performed at an elevated temperature 
for a long period of time, there also arises a problem 
that oxygen precipitation nuclei in silicon single crystal 
wafers are also eliminated, and thus the gettering effect 
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for heavy metals, which is effective in the device proc- 
ess, would also be lost 

[0046] These problems of the heat treatment at an 
elevated temperature under a hydrogen atmosphere 
are also imposed on the heat treatment under an argon 
atmosphere, except for the problem of safety, and it has 
been found that it also suffers from the following prob- 
lems in addition to those mentioned above. 
[0047] When wafers are subjected to a heat treat- 
ment at an elevated temperature under a hydrogen 
atmosphere or argon atmosphere, the wafers are taken 
out from a heat treatment furnace usually after they are 
cooled to a temperature of about 700-800°C. The 
wafers are usually taken out after the atmosphere is 
replaced with nitrogen atmosphere for safety. In con- 
trast in the case of the argon atmosphere, they can be 
taken out without replacing the atmosphere. 
[0048] However, when the hydrogen atmosphere or 
the argon atmosphere is replaced with nitrogen and the 
wafers are taken out, small amounts of oxygen and 
moisture contained in the nitrogen gas react with the 
wafer surfaces which has been made active by the heat 
treatment at an elevated temperature, and hence the 
surfaces are locally etched so as to degrade surface 
roughness of the wafers (microroughness, haze etc.). 
Under such a situation, it is very difficult to, remove the 
small amounts of moisture and oxygen by increasing 
purity of the nitrogen, and hence this means is substan- 
tially limited because it costs very much, h 
[0049], On the other hand; if the wafers are taken 
out in the argon atmosphere as it is, an uneven natural 
oxide film incorporating the. outer air may be formed, 
and thereby there may arise problems, for example, the 
surface roughness may be degraded or the surfaces are 
. contaminated with impurities. 

" [0050] :i The inventors of the present invention solved;: 
these problems' by; subjecting ia* wafer tov aiheatitreat^ 
ment at a temperature of ;1 1 00r 1 300?C.'fof"1i minute or* 
more under a non-oxidative atmosphere not containing?? 
hydrogen at: the~ lower- explosion limfr (about'4%) or 
more, in particular, an atmosphere of argon, nitrogen or 
a mixed gas thereof, and successively subjecting the 
wafer to a heat treatment at a temperature of 700- 
1 300°C for 1 minute or more under an oxidative atmos- 
phere without cooling the wafer to a temperature lower 
than 700°C. That is, it becomes possible to allow the 
melting process of inner wall oxide films of the defects to 
efficiently proceed by the heat treatment at an elevated 
temperature under an atmosphere of argon, nitrogen or 
a mixed gas thereof. Further, it also become possible to 
allow the filling process of the grown-in defects with 
interstitial silicon to efficiently proceed and improve sur- 
face roughness of wafers by changing the heat treat- 
ment to a heat treatment under an oxidative 
atmosphere. 

[0051 ] In the present invention, the melting process 
of the inner wall oxide films of the defects is attained by 
the heat treatment at an elevated temperature under an 
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atmosphere of n on -oxidative gas which does not con- 
tain hydrogen at the lower explosion limit (about 4%) or 
more, in particular, an atmosphere of argon, nitrogen or 
a mixed gas thereof, because it is very difficult to safely 
perform a heat treatment under an oxygen atmosphere 5 
following the heat treatment at an elevated temperature 
under a hydrogen atmosphere. Trie two heat treatment 
processes became possible for the first time to be per- 
formed safely by using a norvoxidative gas which does 
not contain hydrogen at a lower explosion limit (about to 
4%) or more, in particular, an atmosphere of argon, 
nitrogen or a mixed gas thereof, instead of the hydrogen 
atmosphere. Further, the melting of the inner wall oxide 
films of gr own-in defects is efficiently caused in the heat 
treatment at an elevated temperature under a non-oxi- 75 
dative gas, in particular, an atmosphere of argon, nitro- 
gen or a mixed gas thereof by the oxygen out-diffusing 
effect of the heat treatment as in a hydrogen atmos- 
phere. Therefore, the melting process of the inner wall 
oxide films of grown -in defects can efficiently proceed 20 
within a short period of time like under a hydrogen 
atmosphere. 

[0052] It is considered that the argon atmosphere 
has out-diffusing effect for oxygen comparable to that of 
the hydrogen, atmosphere, because the natural oxide 25 
films on the wafers are sublimated as S'tO gas and 
hence eliminated by the heat treatment at an elevated 
temperature of 1 100-1 300°C under an argon atmos- 
phere. Moreover, when nitrogen atmosphere is used, 
the natural oxide films on the surfaces are preferably 30 
removed with an aqueous solution of HF. since the film 
are unlikely to be uniformly removed in a nitrogen 
atmosphere, although it has comparable out-diffusing 
effect. In addition, out-diffusing effect comparable to 
that obtained under a hydrogen atmosphere can also be ; 55 
obtained under a mixed atmosphere of argon and nitro- } . 
gen.^ * • - • 

[0053]". "v? In order to. sufficiently "melt the'; inner; : waH'&>;* 
oxide films of grown-in defectsrthis heat treatment was . 
designed to be performed at the temperature of 1 100- 40 
1 300°C for 1 minute or more. 

[0054] Moreover, the heat treatment at an elevated 
temperature under a nitrogen atmosphere may form an 
extremely stable thermal nitride film on silicon wafer sur- 
faces, and hence it may become extremely troublesome 45 
to remove the f 3m in the following process steps, or the 
wafer surfaces may suffer from surface roughening due 
to a small amount of oxygen or moisture in nitrogen. As 
for these problems, the inventors of the present inven- 
tion found that the wafer surfaces could be protected so 
from the unnecessary film formation and the surface 
roughening under a nitrogen atmosphere by preliminar- 
ily forming a protective oxide fflm on the wafer surfaces 
before the heat treatment 

[0055] Furthermore, such a protective oxide film 55 
can. in addition to protecting the wafer surfaces from the 
unnecessary film formation or the surface roughening, 
prevent contamination with heavy metal impurities dif- 



fusing into the inside of wafers from the inside of fur- 
nace during the heat treatment 
[0056] The heat treatments for the melting process 
of inner wall oxide films of defects and the filling process 
of the grown-in defects with interstitial silicon are per- 
formed successively, because, unless the heat treat- 
ments for these two processes are performed 
successively, the inner wall oxide films of grown-in 
defects grow again due to decrease of wafer tempera- 
ture, and consequently it becomes impossible to elimi- 
nate or reduce the defects. Therefore, the method was 
designed to successively perform the two processes 
without cooling the wafers to a temperature of 700°C or 
lower, at which temperature the inner wall oxide films of 
grown-in de f ect s grow again. 

[0057] According to the present invention, the proc- 
ess of f flling grown-in defects is attained by a heat treat- 
ment under an oxidative atmosphere.. This is because 
only interstitial silicon atoms are injected from wafer sur- 
faces without injection of atomic holes during the heat 
treatment under an oxidative atmosphere,, unlike the 
case where the heat treatment under a hydrogen 
atmosphere is continued, and hence the grown-in 
defects are efficiently filled with interstitial silicon. By. 
this, the grown-in defects can be efficiently filled with 
interstitial silicon atoms and thus eliminated,, and the 
surface roughening or contamination can be prevented 
because the surfaces activated by the heat treatment at 
an elevated temperature under a non-oxidatrve atmos- 
phere are oxidized. 

[0058]. In. order to sufficiently- f HI the grown-in 
defects and eliminate them, this heat treatment is pref- 
erably performed at a temperature of VI 000-1 300°C for 1 
minute or mora However, if it is 700°C or higher, the 
effectfor reducing grown-in detects and preventing sur-- 
face.roughening can be obtained;x^.i - ; 
[0059]- : ^ As the oxidative atmospheres an atmosphere-" 
containing water vapor,7 atmosphere- consisting of«l00%-lo 
dry oxygen (dry O^i atmosphere of :a mixed gas of dry c 
oxygen and argon or nitrogen and so forth can be used. .' 
[0060] When an atmosphere : containing water 
vapor is used, high oxidation rate can be obtained, and 
hence interstitial silicon can efficiently be injected within 
a very short period of time to eliminate defects even at a 
relatively low temperature of about 700°C. In this case, 
the oxide film formed on the surface becomes relatively 
thick, and it is suitable for applications which utilize this 
oxide film as it is in wafer processing processes such as 
production of SOI wafers, or device production proc- 
esses. 

[0061] On the other hand, when a dry oxygen 
atmosphere or an atmosphere of a mixed gas of dry 
oxygen and argon or nitrogen is used, the growth rate of 
the oxide film becomes slow. Therefore, the oxide film 
formed after the heat treatment can be made thin. 
Therefore, when the formed oxide film must be removed 
with an aqueous solution of HF or the like, the time 
required for that process can be shortened, and hence 
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the process becomes efficient 
[0062] Further, as for the case where a mixed gas 
atmosphere is used, there is an anxiety that the effect 
for eliminating defects by injecting interstitial silicon may 
become poor when the growth rate of the oxide film is s 
slow, and hence the thickness of the formed oxide f Bm is 
thin. Therefore, the inventors of the present invention 
examined by the following experiment how large thick- 
ness of the oxide film must be formed in how much con- 
centration of oxygen in order to sufficiently eliminate the w 
defects. 

[0063] Wafers are annealed at 1200°C for 40 min- 
utes under a 1 00% argon atmosphere, and annealed for 
20 minutes in each of 6 kinds of mixed gases of argon 
and dry oxygen with different oxygen concentrations is 
(oxygen concentrations of 0, 10, 20, 30, 50 or 100%). 
Then, the surfaces of the wafers were polished by 5 nm, 
and COPs having a size of 0.09 urn or larger on the sur- 
faces were measured. The results are shown Rgs. 4 A 
and 4B. The polishing was performed by a thickness of 20 
5 jim in order to examine the COP eliminating effect in 
the wafer surface layers. Fig. 4A shows relationship 
between the oxygen concentration in annealing atmos- 
phere and the COP number, and Fig; 4B shows relation- 
ship between thickness of the oxide film formed by 25 
annealing and the COP density. 
[0064] From the results shown in Fig. 4. it can be 
seen that the effect equivalent to that obtained with* 
100% dry oxygen (about 100 nm of the oxide film thick- 
ness) can be obtained if the thickness of the formed so 
oxide f 8m has a thickness of 20 nm or more even when ' 
the oxygen concentration in the atmosphere is about 
10% 

[0065] Furthermore, it was found that the contami- 
nation of wafers from tubes or boats can be minimized ; 35 
by subjecting the wafers: to a heat treatment under an? 
oxidative atmosphere after the heat treatment under- ay. 
non-oxidative; atmosphere:? Fig." 5 - shows -: variation of > ? • 
metal impurity contamination level of wafers subjected: 
to each of a heat treatment consisting of annealing at i 40 
1 200°C for 40 minutes under a 1 00% argon atmosphere: 
and subsequent annealing for 20. minutes under, an 
atmosphere of a mixed gas of argon and dry oxygen 
(30%iof oxygen concentration) and a heat treatment 
consisting of annealing at 1200°C for 60 minutes under- 45 
a 100% hydrogen or 100% argon atmosphere, which 
were repeated in separate tubes, where the metal impu- 
rity contamination levels after each heat treatment were 
indicated. The contamination level was determined 
based on SPV (Surface Photo voltage) by using a so 
Wafer Contamination Monitor System (trade name) pro- 
duced by Semiconductor Diagnostics Inc. (SDI). 
[0066] It can be seen that, with the annealing in an 
atmosphere consisting only of hydrogen or argon, the 
impurity level is suddenly degraded because etching of ss 
tubes or boats is caused. On the other hand, it is consid- 
ered that with the heat treatment comprising the 
annealing in an oxidative atmosphere, a protective 



oxide film is always formed because an oxide film is also 
formed on the wafer surfaces and surfaces of tubes and 
boats in the annealing step and hence the effect for 
minimizing the contamination from the tubes or boats is 
exerted. 

[0067] Crystal defects that can be eliminated by 
such an oxidation heat treatment at 700-1 300°C are lim- 
ited to those present in the inside of wafers that do not 
appear on the silicon wafer surfaces. This is because 
the elimination of the defects in this heat treatment is 
caused by filling of void type crystal defects through 
injection of interstitial silicon from the surfaces caused 
by the oxidation. Therefore, void type crystal defects 
such as COP exposed to the surfaces must be elimi- 
nated by migration of silicon atoms at the wafer surfaces 
through a heat treatment in an argon atmosphere or the 
like, which is performed before this oxidation heat treat- 
ment However, if the surface protective oxide film is 
formed beforehand as mentioned above, the elimination 
of surface COPs may become insufficient, because the 
migration of surface silicon atoms is inhibited by the 
oxide film. 

[0068] Therefore, the inventors of the . present 
invention contrived a method for sufficiently eliminate 
COPs on the wafer surfaces by providing a thermal 
oxide film having a thickness of 300 nm or more on the 
wafer surfaces after the oxidation heat treatment at 700- 
1 300°C. This is because, if a thermal oxide film after the 
oxidation heat treatment a thickness of 300 nm or more, 
the profile of COPs on the surfaces, becomes smooth 
during the growing process of the thermal oxide film, 
and thus an effect substantially the same as elimination . 
of COPs can. be obtained: Moreover, the aforemen- 
tioned method is effective also because the mean size - 
of COPs on the wafer surfaces is 100-200 nm. and if an 
oxide film having a thickness of about 300 nm is formed, tv 
it will be enoughitoJncorporate COPs therein, to . elimi-w 
natethem.*^' ^ v . . . , r -....if ••• 

[0069] > The oxide film formed by this oxidation heatv- 
treatment can be removed with an aqueous solution of* 
HF or the like. 

[0070] The aforementioned heat treatment of the 
present invention exhibits markedly higher efficiency for 
eliminating or reducing grown-in defects compared with 
the conventional heat treatment under a hydrogen 
atmosphere, and thus it can eliminate or reduce defects 
by a heat treatment of a short period of time. Therefore, 
it also exhibits a secondary effect that it can maintain 
the gettering ability by not eliminating, but preserving 
the oxygen precipitation nuclei, which serve as gettering 
sites for heavy metals and thus effective for the device 
step. 

[0071] Furthermore, the inventors of the present 
invention found that the effect for eliminating or reducing 
grown-in defects in silicon single crystal wafers could be 
further improved by producing a silicon wafer having few 
grown-in defects of a large size with high productivity 
from a silicon single crystal ingot obtained through a 
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method for growing a silicon single crystal ingot by the 
Czochralski method wherein the cooling rate of the sin- 
gle crystal ingot between the temperature range of 
1150-1080°C is controlled to be 2.3°C/min or higher, 
and a method for growing a silicon single crystal ingot 
with nitrogen doping, and subjecting the obtained wafer 
to the non-oxidative heat treatment in argon or the like 
and the oxidative heat treatment according to the 
present invention. 

[0072] That is, it is said that aggregation of the 
grown-in defects is caused within the temperature range 
of 1 15O1080°C during the crystal growth. Therefore, by 
using a fast cooling rate of 2.3°C/min or more within the 
temperature range of 1 150-1 080°C to shorten the stay- 
ing time in that temperature range, it becomes possible 
to control the size and the number of grown-in defects. 
[0073] Moreover, it has been noted that if nitrogen 
is doped in a silicon single crystal, the aggregation of 
atomic holes in the silicon is inhtoited (T. Abe and H. 
Takeno, Mat Res. Soc. Symp. Proa, Vol. 262, 3. 1992). 
It is thought that this effect is obtained because the. 
aggregation process of atomic holes is shifted from that 
consisting of homogenous/ nucleus formation to that r 
consisting of heterogenous nucleus formation. There- 
fore, if nitrogen is doped in a silicon single crystal when 
it is grown by. the CZ method, a silicon single crystal: 
having few grown-in defects can be obtained, and a sili- 
con single crystal wafer having few grown-in defects can 
be obtained by processing the silicon. single crystal: In 
addition, according to this: method, the crystal growth: 
rate need not necessarily be lowered like the aforemen- 
tioned conventional method, and therefore silicon single; 
crystal wafers can be obtained with high productivity. 
[0074] ! Moreover, when a silicon single crystal ingot 
is grown by the CzochralsW. method, the. oxygen con- 
centration in the single crystal; ingot is preferably con-^; 
trolled to be 1 8 ppma or less: This is because, .with suchy; 
a low oxygen; concentration. t the- growth^of: crystals 
defectsvcan further be inhibited;" and the^formation oKi 
oxide precipitates in a wafer surface layer can be pre- 
vented. When the single crystal is doped with nitrogen, 
in particular, the oxygen precipitation, is promoted. 
Therefore, in such a case, it is preferable to prevent the 
formation of oxide precipitates in a. wafer surface layer: 
by using such an oxygen concentration as mentioned 
above. 

[0075] : Specifically, in order to control the size and 
the number of grown-in defects by controlling the cool- 
ing rate in the Czochralski method used in the present 
invention, the pulling rate of the crystal can be changed. 
For example, if a certain specific pulling apparatus is 
used and a pulling rate of single crystal is set to be 1 .8 
mm/min, the cooling rate becomes faster compared 
with the case where the crystal is pulled at 1 .0 mm/mi n 
by the same apparatus. As other methods, the cooling 
rate within the temperature range of 11 50-1 080° C can 
also be controlled by altering arrangements, structures 
and so forth of members within a region of furnace 



called a hot zona 

[0076] Moreover, the size of grown-in defects can 
also be controlled during the single crystal growth by the 
Czochralski method by doping a single crystal with 

5 nitrogen impurities. In this case, a silicon single crystal 
ingot doped with nitrogen can be obtained according to 
a known method such as one disclosed in Japanese 
Patent Application Laid-open (Kokai) No. 60-251190. 
[0077] That is, the Czochralski method comprises 

io contacting a seed crystal with a melt of polycrystal sili- 
con raw material contained in a quartz , crucible., and 
slowly pulling it with rotation to grow a. silicon single 
crystal ingot having an intended diameter. In such a 
method, nitrogen can be doped in the pulled silicon sin- 

is gle crystal, for example, by preliminarily introducing 
. nitride into the quartz crucible, adding nitride into the sil- 
icon melt or using an atmosphere gas containing nitro- 
gen. The doping amount of nitrogen in the crystal can 
be adjusted by controlling the amount of nitride, concen- 

20 tration or time of introduction of nitrogen gas. 
. [0078] By doping a single crystal with nitrogen 
when it is grown by the Czochralski method, grown-in 
defects to be introduced during the crystal growth can 
be reduced. 

25 [0079] As for the reason for the size reduction of 
crystal defects introduced into silicon when a silicon sin- 
gle crystal is doped with nitrogen, it is considered to be 
due to the shift of aggregation process of atomic holes 
" from that consisting of homogenous nucleus formation 

30 to that consisting of heterogenous nucleus formation as 
• .; described above. 

.[0080] Therefore, the. concentration of nitrogen to 
be doped is preferably 1 x 10-° atoms/cm 3 or higher, 
more preferably 5 x 10 13 atoms/cm 3 cm* higher, in which 

35 .-z ranges ^thei heterogenous, nucleus formation is suffk 
-~ dentiy. caused.VThe aggregation of crystal- defects cam 

'4 sufficiently be inhibited by:a concentration of ^the doped.- 7 
• nitrogen in those ranges^ ■ ■•■■y .-.v-y 

[0081] i " - On the other, hand, if the nitrogen concentra- - 

ao tion exceeds 5 x 10 15 atoms/cm 3 , which is the solid sol-^ 
ubilrty limit in a silicon single crystal; the single 
crystallization of the silicon single crystal jtself is inhib- 
ited. Therefore, it is preferred that it does not exceed 
that concentration. .. 

45 [0082] In the present invention, when a silicon sin- 
gle crystal ingot is grown by the Czochralski method, 
the oxygen concentration in the single crystal ingot is 
preferably controlled to be 18 ppma or less. Such a low 
oxygen concentration in the silicon single crystal as 

so mentioned above can further inhibit the growth of crystal 
defects, and prevent formation of oxide precipitates in 
the surface layer. 

[0083] When a a silicon single crystal ingot is 
grown, the oxygen concentration in the silicon single 
55 crystal ingot may be reduced to the aforementioned 
ranges by a conventional method. An oxygen concen- 
tration within the aforementioned ranges can easily be 
obtained by, for example, reducing crucible rotation 
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number, increasing introduced gas flow rate, lowering 
atmospheric pressure, controlling temperature distribu- 
tion and convection of a silicon melt or the lika 
[0084] In this way, a silicon single crystal ingot in 
which size and number of grown-in defects are reduced s 
can be obtained by the CzochraJski method. This ingot 
is sliced by using a cutting machine such as an inner 
diameter slicer or wire saw, and subjected to steps of 
chamfering, lapping, etching, polishing and so forth to 
be processed into silicon single crystal wafers. Of io 
course, these steps are mere examples, and there may 
be used various other steps such as cleaning step. Fur- 
ther, the steps are used with suitable modification 
including the alteration of the order of steps, omission of 
some steps and so forth. is 
[0085] Then, the wafer obtained as described 
above is subjected to a heat treatment at an elevated 
temperature under a non-oxidative gas atmosphere 
such as argon, nitrogen or a mixed gas thereof and a 
heat treatment at an elevated temperature under an cod- 20 
dative atmosphere for eliminating or reduce grown-in 
defects. For. performing these heat . treatments, any 
widely marketed heat treatment furnaces of any type, 
can be used so long as they are heat treatment fur- 
naces of controlled cleanliness. 25 
[0086] For example, a horizontal or vertical type Ef- 
fusion furnace in which heating is attained by a heater 
or a single wafer processing type wafer heating appara- 
tus in which heating is attained by a lamp can be used.. 
What is important for efficiently eliminating or reducing . 30 
grown-in defects is to secure sufficient heat treatment. 1 
temperature and heat treatment time for the heat treat- 
ment under a non-oxidative atmosphere and sufficient." 
heat treatment temperature and heat treatment time for 
the subsequent heat treatment; under -an. oxidative: 35,. 
atmosphere, and to successively perform the two heate*.- 
treatments so that the temperature should not be undulyr.v - 
decreased between the two heat treatments.^ 
[0087] - ' For that purpose, it is necessary to subject a 
wafer to a heat treatment- at a temperature of 1100- 40 
1300°C for 1 minute or more in a non-oxidative gas, in 
particular, argon, nitrogen or a mixed gas of argon and 
nitrogen; and then successively subjected: to a heat 
treatment at a temperature of 700-1 300°C for 1 minute 
or more under an oxidative atmosphere without cooling 45 
the wafer to a temperature lower than 700°C. 
[0088] As mentioned above, if the heat treatment 
under an atmosphere of a non-oxidative gas, in particu- 
lar, argon, nitrogen or a mixed gas of argon and nitro- 
gen, and the heat treatment under an oxidative so 
atmosphere are not performed successively,, the inner 
wall oxide films of grown-in defects grow again, and 
consequently it becomes impossible to eliminate or 
reduce the defects. Therefore, it is preferable to perform 
the heat treatment in an argon atmosphere or the like ss 
and then successively perform the oxidation heat treat- 
ment before the wafers are cooled to a temperature 
lower than 700° C without taking out the wafers from the 



furnace. Further, by successively performing the heat 
treatments at the same temperature, the heat treatment 
time can be shortened. 

[0089] For the above purpose, for example, after 
the heat treatment under an atmosphere of argon, nitro- 
gen, a mixed gas of argon or the like is performed, the 
atmospheric gas can be exhausted without lowering the 
temperature in the furnace, and oxygen gas can be 
introduced at a desired concentration into the furnace to 
perform the oxidation heat treatment. According to the 
present invention, the first stage heat treatment for melt-, 
ing inner wall oxide films of defects is performed under 
an atmosphere of non-oxidative gas such as argon,, 
nitrogen or a mixed gas of argon and nitrogen, which 
does not contain hydrogen at the lower explosion limit 
(about 4%) or more. Therefore, the oxidation heat treat- 
ment of the subsequent stage can safely be performed 
in a conventional commercially available heat treatment 
furnace. 

[0090] Further, when the heat treatment for melting 
inner wall oxide films of defects is performed under an 
atmosphere of non-oxidative gas such as argon, nitro- 
gen or a mixed gas of argon and nitrogen is performed; 
for wafers having a protective oxide film formed before- 
hand on the wafer surfaces,. the heat treatment for form- 
ing the oxide film may precede the heat treatment fon 
melting inner wall oxide films and performed succes- 
sively, or the oxide film may be formed by an utterly sep- 
arate heat treatment beforehand. The formation of the. ' ~ 
oxide film may be attained by a thermal oxidation such; 
as dry oxidation with so-called dry oxygen and wet oxK 
dation using an atmosphere containing water vapor, or 
the oxide film may be a CVD oxide film formed by the k 
CVD (chemical vapor deposition) method.- 
[0091 \.. As thev heat: treatment under- an* oxidative 
atmosphere at the second stage,,ertnerof thedry.codda- r^ 
.tion usingjamatmosphere^not containing 1 ; watervvapor ; *> 
and the wet oxidation:using an" atmosphere containing 
water vapor may be used; and equivalent effects can be?, r- 
expected for the effect of injecting interstitial silicon intoi^,* 
grown-in defects and the effect of improving the surface 
roughness, which constitute the essential characteris- 
tics of the present invention. ;*■**■ 
[0092] Hereafter, the present invention will be spe-~ , 
cifically explained with reference to the following exam- 
ples and comparative examples. However, the present 
invention is not limited to these. 

(Example 1 and Comparative Example 1) 

[0093] 75 kg of raw material polycrystai silicon was 
charged into a quartz crucible having a diameter of 24 
inches, and two single crystal ingots of P-type having a 
diameter of 8 inches, direction <100> and an oxygen 
concentration of 14 ppma (JEIDA) were each pulled at a 
usual pulling rate of 1 .0 mrn/min and a high pulling rate 
of 1 .8 mm/min according to the CZ method. At the high 
pulling rate, the cooling rate within the range of 1150- 
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1080°C was 2.5°C/mirt With the aforementioned two 
kinds of pulling rates, additional two silicon single crys- 
tal ingots were pulled from the raw material doped with 
nitrogen so that the nitrogen concentration in the silicon 
single crystal ingots should be 5 x 10 14 atoms/cm 3 . s 
[0094] Two wafers were cut out from each of the 
four single crystal ingots obtained above by using a wire 
saw, and subjected to chamfering, lapping, etching and 
mirror polishing to produce eight silicon single crystal 
mirror surface wafers of four kinds, which has a diame- to 
ter of 8 inches, under the substantially same conditions 
except for the pulling rate and use of nitrogen doping. . 
[0095] In order to measure grown-in defect density 
of the obtained eight silicon single crystal wafers, the. 
wafers were cleaned with a mixture of aqueous ammo- is 
nia (NH 4 OH), aqueous hydrogen peroxide (H2O2) and 
urtrapure water (1 :1 :10) at a temperature of about 80°C 
for 1 hour. Then, density of COPs having a size of 0. 1 3 
jim or more was measured for the wafer surfaces by 
SP1 particle counter produced by KLA/Tencor Co., Ltd. 20 
The results of the measurement are shown in Fig. 1. 
[0096] From the results shown in Fig. 1, it can be 
seen that the COP density becomes smaller in the order 
of the wafer obtained with the high pulling rate, the wafer 
obtained with the usual pulling rate, the wafer, doped 25 
with nitrogen and obtained with the usual pulling rate, . 
and the wafer doped with nitrogen and obtained with the 
high pulling rate. These measurement results indicate 
averages of values obtained from two wafers of the 
same kind. 30 
[0097] Size of grown-in defects was measured by 
the OPP (optical precipitate profiler) method. In this 
OPP method, which utilizes a NomarsM differential 
interference' microscope, a laser light emitted; from a ". 
light source is first separated into two linearly polarized-. 35 .:, 
light beams bya polarizing, prism, which are- orthcxjov. - 
nally intersects with each other and have phases differ-^ s? 
ent by 90°, and the beams are entered into a wafer fronvA ? 
the wafer mirror surface side. At that time,: when? one «^ 
beam passes a defect, phase shift is caused and hence : - 40,, 
phase difference between the two beams is produced. / 
This phase difference is detected by a polarization ana- 
lyzer after the beams transmit the wafer back face to; 
detect the size of the grown-in defect The results of this 
measurement are shown in Fig. 2. Fig. 2 shows the 45 
measured maximum defect sizes. 
[0098] From the results shown in Fig. 2, it can be 
seen that the grown-in defect size measured by the 
OPP method becomes smaller in the order of the wafer 
obtained with the usual pulling rate, the wafer obtained so 
with the high pulling rate, the wafer doped with nitrogen 
and obtained with the usual pulling rate, and the wafer 
doped with nitrogen and obtained with the high pulling 
rate. These measurement results indicate the meas- 
ured maximum defect size in terms of the diameter as 55 
averages of values obtained from two wafers of the 
same kind. 

[0099] Then, one wafer among the two wafers of 



each kind was subjected to a heat treatment at 1200°C 
for 1 hour under an argon atmosphere in a diffusion fur- 
nace, and successively subjected to wet oxidation at a 
temperature of 1200°C for 10 minutes under an oxygen 
atmosphere without taking out the wafer from the fur- 
nace so as not to cool the wafer to a temperature of 
800 °C or lower. After the heat treatments, the wafer sur- 
face was polished by about 3 jim in order to measure 
COPs in the surface layer. Then, the COP density for 
those having a size of 0.13 um or more was measured 
by the aforementioned method using a particle counter. 
[0100] For comparison, the other remained wafer 
among the two wafer of each kind was subjected to a 
heat treatment at the temperature of 1200°C for 1 hour 
and 10 minutes under a hydrogen atmosphere in a sim- 
ilar diffusion furnace. The surface of the obtained wafer 
was similarly polished by about 3 um, and the COP den- 
sity for those having a size of 0.13 um or more was 
measured. 

[0101] The results of the COP density measure- 
ment of these eight wafers are shown in Fig. 3. The 
plots indicated with circles represent the COP densities 
of the wafers which were successively subjected to the 
heat treatment under an argon atmosphere and. the 
. heat treatment under an oxidative atmosphere accord- 
ing to the present invention, and the plots indicated with 
triangles represents COP densities of the wafers which 
were subjected only to the conventional heat treatment 
under a hydrogen atmosphere:: - = ; > 
[0102] From the results shown, in Fig; 3, it can be 
seen that the COP density of the wafers successively 
subjected to the heat treatment under an argon-atmos- 
phere and the heat treatment under an oxidative atmos- 
phere were markedly reduced. In particular, it can be 
seen that, in the. wafer obtained with the high pulling rate 
and doped.with;nitrogen,;defects having a? size? of. 0,13 
.-um or . more,\which . may cause I a problem in the:device ^ 
production^ could cbei substantially^completely^elimi-^v 
nated; because; the -COP? density • and*the;COP>size> j 
were reduced before the heat treatments - 
[0103] On the other hand, it can also seen that, 
when the wafers were subjected to the. conventional 
heat treatment under a hydrogen atmosphere for the 
same period of time, the effect for reducing the COP 
density was bad in all of the wafers. * : . ■ 

(Example 2 and Comparative Example 2) 

[0104] Eight silicon single crystal mirror surface 
wafers were produced from the single crystal ingot not 
doped with nitrogen and pulled with a usual pulling rate 
in Example 1 and Comparative Example 1 . These were 
divided into two sets of four wafers. An oxide film having 
a thickness of 5, 1 0 or 20 nm was formed as a protective 
oxide film on each of three wafers from each set and no 
oxide film was formed on the remained one wafer from 
each set The wafers of one set were subjected to a 
heat treatment under a nitrogen atmosphere, and the 
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wafers of the other set under an atmosphere of 50% 
nitrogen and 50% argon at 1200°C for 1 hour in a diffu- 
sion furnace Then, the wafers of the both sets were 
successively subjected to wet oxidation at 1200°C for 
30 minutes without taking out the wafers from the fur- 5 
nace so as not to coot the wafers to a temperature of 
800°C or lower. 

[0105] When the wafers subjected to the above 
heat treatment were taken out from the furnace, the 
thickness of the oxide films was about 600 nm for all of 10 
the wafer surfaces on which protective oxide films were 
formed beforehand, but these oxide fOms could be 
removed with an aqueous solution of HF. On the other 
hand, a thermal nitride film was formed on the wafer 
surface on which no protective oxide film had been is 
formed, and it was difficult to be removed Therefore, it 
was removed by performing dry etching. 
[0106] Then, the surface of each wafer was pol- 
ished by about 3 ^m, and COP density for those having 
a size of 0.13 nm or more was measured by the method 20 
using a particle counter in the same manner as in 
Example 1. As a result the COP density was 1.0 
COP/cm 2 or less for all of the wafers. 
[0107] . From these results, Jt can be seen that the • 
COP density of the silicon wafers on which a protective 2s 
oxide film was formed and a thermal oxide film with a 
thickness of 600 nm; which exceeded 300 nm. was pro- 
vided after the oxidation heat treatment at 1200°C was 
improved to a level similar to that of the wafer subjected : 
to the heat treatment without forming a protective oxide 30 
film. . . ' 

[0108] -That is, it can be seen that, by forming a pro- 
tective oxide fUm beforehand, the film formation on the . 
wafer surface and so forth can be prevented even when 
the heat treatment under a non-oxklative atmosphere is;. .35 
performed under a nrtrogen atmosphere, aixl.- even in: > 
such a case, the COPs on the surface can be improved>\< 
to a level similar to that'otthe wafer; with no protectiver ; » 
oxide film by providing a thickness of 300 nm or more for- • .- 
the thermal oxide film on the wafer surface after the heat ~-4o: 
treatment under an oxidative atmosphere. 

(Example 3 and Comparative Example 3) 

[0109] CZ waters obtained from a single crystal 45 
ingot pulled under the same conditions as in Example 1 
(at the usual pulling rate, without nitrogen doping) 
except that it was pulled so that the interstitial oxygen 
concentration should be 16 ppma (J El DA) were sub- 
jected to annealing at 1200°C for 40 minutes in a 100% so 
Ar atmosphere and then annealing at 1200°C for 20 
minutes in a mixed gas of 30% dry 0 2 and 70% Ar, or 
subjected to annealing at 1200°C for 1 hour in a 100% 
H 2 atmosphere. Then, COP density and time zero die- 
lectric breakdown characteristic of the wafers were ss 
compared. In this experiment, VERTEX3 produced by 
Kokusai Electric Co., Ltd. was used as the annealing 
furnace, and the temperature at which the wafers were 



introduced and taken out was 800° C. 
[01 1 0] Fig. 6 represents COP densities on the wafer 
surfaces after heat treatment under each condition, and 
COP densities of the surfaces after the polishing of 5 
pm. The COPs was measured by SP1 particle counter 
produced by KLA/Tencor Co.. Ltd., and LPDs (light point 
defects) having a size of 0.09 \im or more were counted 
as COPs. 

[0111] Rom the results shown in Fig. 6. it can be 
seen that only in the wafer subjected to the heat treat- 
ment of the present invention, the effect of eliminating 
crystal defects to a depth of at least 5 nm from the sur- 
face was observed, and the COP density could be 1.3 
COPs/cm 2 or less (400 COPs/8 inch wafer or less). 
[0112] That is, even for a wafer containing COPs 
having a large size of about 0.15 *im, the COPs can be 
eliminated or made small to a size of less than 0.09 nm, 
in which size COPs seldom affect device characteris- 
tics, over a depth of the surface layer of 5 jim or more 
from the surface by subjecting the wafer to the heat 
treatment of the present invention. 
[01 13] Figs. 7 and 8 represent. the results of meas- 
urement of TZDB (time zero dielectric breakdown) and 
TDDB (time dependent dielectric breakdown) of the sur- 
faces after each heat treatment and the surfaces after 
polishing of 5 um. 

[0114] The TZDB good chip yield in Fig. 7 means a 
good chip yield when one exhibiting a time zero dielec- 
tric breakdown of 8 MV/cm or more under the conditions 
of 25 nm of gate oxide film thickness, 8 mm 2 of gate 
area and 1 mA/cm 2 of electric current density in deci- 
sion at room temperature is considered as a good chip. 
The TDDB good chip yield in Fig. 8 means a good chip 
yield when one exh biting a time zero- dielectric break- 
down of 25 C/cm? or more- under- the conditions: ol 25 
nm of gate oxide film.thickness; A mm of gate area and - 
A mA/cm? of stress electric current at room temperature, 
is considered as a good chip.Vv 
[01 1 5] • Rom the results shown in Figs: ' 7 and. 8, it 
can be seen that a good chip yield of 80% more, was ; 
surely obtained to a depth of at least of 5 *im from the 
surface for both of TZDB and TDDB. _ 

(Example 4 and Comparative Example 4) 

[0116] CZ wafers obtained from a single crystal 
ingot pulled under the same conditions as in Example 3 
and Comparative Example 3 were subjected to anneal- 
ing for 40 minutes under a 100% Ar atmosphere and 
then annealing for 20 minutes under an atmosphere of 
a mixed gas of 30% dry 0 2 and 70% Ar at each of four 
kinds of temperature level. 1200°C, 1150°C, 1100°C 
and 1050°C, or subjected to annealing at 1200°C for 1 
hour in a 100% Ar atmosphere. The results of compari- 
son for COP densities of the surfaces after polishing of 
5 um from the surfaces are shown in Fig. 9. 
[0117] Rom the results shown in the figure, it can 
be seen that the COP eliminating effect in a region to a 
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depth of at least 5 |im from the surface more excellent 
than that obtained only with Ar annealing at 1200°C is 
obtained at a temperature higher than 1050°C. and the 
COP density as for a COP size of 0.10 jim or more in a 
region to a depth of at least 5 \sm from the surface can 
be 1 .0 COP/cm 2 or less (300 COPs/8 inch water or less) 
at a temperature of 1 100°C or higher, it is also possible 
to obtain a COP density of 0.16 COP/cm 2 or less (50 
COPs/8 inch wafer or less) at a temperature of 1200°C 
or higher. 

[0118] The above results indicate that it is possible 
to obtain quality comparable to or higher than conven- 
tionally obtained quality even when the temperature is 
lowered from the conventionally used temperature; and 
it can be said that it is an annealing method extremely 
effective for wafers likely to contain crystal defects such 
as slip dislocations, for example, wafers having a large 
diameter of 300 mm or more. 

(Example 5 and Comparative Example 5) 

[0119] CZ waters obtained from a single crystal 
ingot pulled under the same conditions as in Example 3 
and Comparative Example 3 were: subjected to anneal- 
ing at a heat treatment temperature of 1200°C for 60 
minutes under a 1 00% Ar atmosphere, then cooled to a 
predetermined retention temperature, and maintained 
in dry 0 2 changed form Ar for 30 minutes. As the reten- 
tion temperature, five kinds of temperature levels, 
900°C. 850°C. 800°C, 750°C and 700°C, were used. 
The wafers were introduced and taken out at a temper- 
ature .of 700°C (Example 5). For comparison, a wafer 
was subjected to annealing at 1200°C for 60 minutes 
under a 100% Ar atmosphere, then cooled to 700°C, 
and maintained in N 2 changed form Ar for 30 minutes 
(Comparative Example 5). 

[0120] • Surface roughness (haze and : ;microroughv 
ness) of the wafer surfaces was measured for these 6 
kinds of waters. The haze measurement was performed 
by using Surf Scan SP1 produced by. KLA Tencor, and 
. the measured values obtained in the Dark Wide mode in 
the measurement apparatus.- The results of the meas- 
urement are shown in Fig. 10. The unit ppm for the axis 
of ordinate in Fig. 10 represents the ratio of scattered 
light intensity to an incident light. The results shown in 
Fig. 10 show that the haze level of the wafer of this 
example was improved to 0.1 ppm or less. 
[0121] Because oxide films were formed on the five 
kinds of the wafers of Example 5. the measurement was 
performed after removing the oxide films with an aque- 
ous solution of HF. 

[01 22] Further, the micro rough ness of the wafers of 
Example 5 was measured by using NanoScope-ll pro- 
duced by Digital Instrument as a P-V value in an area of 
2 urn square. As a result, all of the wafers showed a 
value of 1 .0 nm or less. Therefore, it was found to be 
improved even when the values was compared with a P- 
V value of usual mirror surface wafers not subjected to 



the heat treatment of this example (1 .3 nm). 
[0123] Moreover, it was found that the wafer of 
Comparative Example 5 had a nitride film having a 
thickness of about 1 .5 nm on its surface due to the nitro- 

s gen substitution. It was expected that particles became 
likely to adhere to the wafer surface because a nitride 
film had a high dielectric constant Therefore, this wafer 
and a wafer produced under the same conditions as in 
Example 5 (oxide film was not removed) were stored in 

10 a wafer case for 2 months, and then particles (size of 
0.1-0.2 urn) on the wafers, was measured. As a result, 
the wafer of Example 5 showed increase of particles on 
the wafers of 100 particles/wafer in average, whereas 
the wafer of Comparative Example 5 showed that of 

is 2000 particles/wafer. 

[0124] Therefore, it can be seen that the wafer of 
the present invention exhibits an excellent effect also in 
view of protection of wafer surface from the adhesion of 
particles. 

20 [0125] The present invention is not limited to the 
embodiments described above. The above-described 
embodiments are mere examples, and those having the 
substantially same structure as that described in the 
appended claims and providing the similar functions 

25 and advantages are included in the scope of the present 
invention. 

[0126] For example, when a silicon single, crystal 
ingot with or without nitrogen doping is grown by the 
CzochraJski method according to the present invention,' 

30 the melt may be or may not be applied with a magnetic 
field. That is, the CzochraJski method used for the 
present invention includes the so-called, MCZ method 
wherein a magnetic field is applied to the mert 
[0127] Further, the heat treatment at an elevated 

35 temperature under a non-oxidative atmosphere and the - 
heat treatment under an oxidative atmosphere, ; which ) 
constitute: the essential y character istics of: the > present > 

r- \ invention, 3 ? can ; be applied: in ; any. process steps; in the. 
wafer processing 5 steps." For * exampl e,: the ; heat treat- 

40 merrt of the present invention can be performed after. the 
chemical etching step, following slicing of wafers, the 
rough polishing step which is a step subsequent to the 
chemical etching, the last polishing step and so forth. 
[0128] Furthermore, although the heat treatment 

45 under a non-oxidative gas atmosphere of the present 
invention was explained in the above embodiments 
mainly for the cases utilizing argon or nitrogen gas, the 
atmosphere is not necessarily limited to argon or nitro- 
gen gas. A gas containing a small amount of hydrogen 

so less than the lower explosion limit in the above gases, 
noble gases such as helium, neon, krypton and xenon 
and so forth may also be used so long as they have the 
same effect as argon, and they fall within the scope of 
the present invention. 

55 [0129] Noble gases other than argon can be used 
also for the heat treatment under an atmosphere of a 
mixed gas of argon and nitrogen. 
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Claims 

1. A method for producing a silicon single crystal 
wafer, which comprises growing a silicon single 
crystal ingot by the Czochralski method, slicing the 
single crystal ingot into a wafer, subjecting the 
wafer to a heat treatment at a temperature of 1 1 00- 
1300°C for 1 minute or more under a non-oxidative 
atmosphere, and successively subjecting the wafer 
to a heat treatment at a temperature of 700-1300°C 
for 1 minute or more under an oxidative atmosphere 
without cooling the wafer to a temperature lower 
than 700°C. 

2. The method for producing a silicon single crystal 
wafer according to Claim 1 , wherein the non-oxida- 
tive atmosphere is argon, nitrogen or a mixed gas of 
argon and nitrogen. 

3. The method for producing a silicon single crystal 
wafer according to Claim 1 or 2. wherein the oxida- 
tive atmosphere is an atmosphere containing water 
vapor. 

4. The method for producing a silicon single crystal 
wafer according to Claim 1 or 2, wherein the oxida- 
tive atmosphere is a dry oxygen atmosphere or a 
mixed gas atmosphere of dry oxygen and argon or 
•nitrogen. 

5. The method for producing a silicon single crystal 
wafer according to any one of Claims 1-4. wherein 
thickness of an oxide film formed by the heat treat- 
ment under the oxidative atmosphere is controlled 
to be 20-100 nm. v 

6. The method for producing a. silicon single : crystal > 
wafer according to any one of Claims 1 -4. wherein 
an oxide film is preliminarily . formed 7 on the wafer 
surface before performing the heat treatment under . 
a non-oxidative atmosphere. 

7. The method for producing a silicon single crystal 
wafer according to Claim 6. wherein thickness of a 
thermal oxide film formed on the wafer surface after 
the heat treatment under an oxidative atmosphere 
is controlled to be 300 nm or more. 



Czochralski method, the silicon single crystal ingot 
is doped with nitrogen. 

10. The method for producing a silicon single crystal 
5 wafer according to Claim 9. wherein, when the sili- 
con single crystal ingot doped with nitrogen is 
grown by the Czochralski method, nitrogen concen- 
tration doped in the single crystal ingot is controlled 
to be 1 x 10 10 to 5 x 10 15 atoms/cm 3 . 

TO 

11. The method for producing a silicon single crystal 
wafer according to any one of Claims 1-10, 
wherein, when the siGcon single crystal ingot is 
grown by the Czochralski method, oxygen concen- 

75 tration in the single crystal ingot is controlled to be 
18 ppma or less. 

12. A silicon single crystal wafer produced by the 
method according to any one of Claims 1-11. 

20 

1 3. A CZ silicon single crystal wafer, wherein density of 
COPs having a size of 0.09 \im or more in a surface 
layer having a thickness of up to 5 nm from a sur- 
face is 1 .3 COPs/cm 2 or less, and density of COPs 

25 . having a size of 0.09 jim or more in a bulk portion 
other than the surface layer is larger than the den- 
sity of COPs of the surface layer. " ; 

14. A CZ silicon single crystal wafer according to Claim 
30 12 or 13, which has haze on a wafer surface of 0.1 

ppm or less, and microroughness in a measure- 
ment area of 2 pm square of 1 .0 nm or less in terms 
of P-VvalueJ 
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8. The method for producing a silicon single crystal 
wafer according to any one of Claims 1 -7. wherein, so 
when the silicon single crystal ingot is grown by the 
Czochralski method, cooling rate of the single crys- 
tal ingot between 1 1 50-1 080° C is controlled to be at 
2.3°Cmiin ore more. 

55 

9. The method for producing a silicon single crystal 
wafer according to any one of Claims 1-8. wherein, 
when the silicon single crystal ingot is grown by the 
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